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Abstract: 
There have been conflicting reports on the electronic properties of twin domain boundaries (DBs) 
in MoSe2 monolayer, including the quantum well states, charge density wave, and Tomonaga-Luttinger 
liquid (TLL). Here we employ low-temperature scanning tunneling spectroscopy to reveal both the 
quantum confinement effect and signatures of TLL in the one-dimensional DBs. The data do not support 
the CDW at temperatures down to ~5 K.  
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Recently in the study of monolayer (ML) transition-metal dichalcogenides (TMDs), twin domain 
boundaries (DBs), especially the so-called 4|4P type commonly seen in epitaxial MoSe2, have drawn 
much attention [1-4]. These defects behave as metals, being sandwiched between pristine TMD domains 
and supported by the van der Waals (vdW) substrates, they represent an ideal one-dimensional (1D) 
system for studying the properties and physics that are pertinent to 1D metals. Over the past decades, a 
number of 1D systems have been intensively studied, including carbon nanotubes [5-8], semiconductor 
nanowires [9-11], metal chain adsorbed on semiconductor [12], nanowire bundles [13] and quasi-1D 
organic conductor [14]. Some interesting properties are expected. For example, they are prone to Peierls 
instability and may exhibit metal-insulator transition at low-temperature [15-17]. Electron-electron 
interaction in 1D system invalidates the Landau description of Fermi-liquid and is instead described by 
the Tomonaga-Luttinger liquid (TLL) theory of collective excitation [18-20]. The latter is characterized 
by novel properties like spin-charge separation and power-law suppression of electronic density-of-states 
(DOS) near the Fermi level ( E
F
) [21,22], which have been reportedly observed in various (quasi-)1D 
systems by transport [9,10,23-25], scanning tunneling spectroscopy [4,12,26,27], and photoemission 
spectroscopy [3,5,28,29] studies. For the twin DBs in ML MoSe2, TLL was also suggested by a 
photoemission spectroscopy experiment [3], whereas a low-temperature scanning tunneling microscopy 
and spectroscopy (LT-STM/S) study pointed to the Peierls type CDW [2]. On the other hand, Liu et al. 
reported observation of quantum well states in finite length DBs as well as an effect of the Moiré potential 
in system [1]. In a recent paper, Jolie et al. provided direct evidence of spin-charge separation, signifying 
the TLL, but in a different type (i.e., the so called 4|4E type) 1D domain boundary in MoS2 [4].  
Stimulated by the above works, we have carried out a systematic LT-STM/S study of the common 
4|4P-type DB defects in MoSe2 ML grown by molecular-beam epitaxy (MBE). Dense networks of the 
4|4P DBs form in epitaxial MoSe2 and their density is tunable by changing the MBE conditions. As a 
result, DBs of varying lengths are achieved. By examining the electronic properties of such defects of 
various lengths at low temperature (~5 K and 77 K), we show evidence of both the QWS and TLL. The 
data do not support the CDW in the system. 
 
   Fig. 1(a) shows an STM image of an epitaxial MoSe2 ML grown on graphene, revealing a dense 
DB network with each DB segment 5~10nm long. Surrounding each DB defect are two semiconducting 
MoSe2 domains having a bandgap of ~2.1 eV as measured by STS [1,30]. The atomic structure of the 
defect has been well established (see Fig. 1b) and the corresponding electronic structure as calculated 
from the density functional theory (DFT) is shown in Fig. 1(c) [31-34]. For the latter, we have upshifted 
the Fermi level to a value that matches with the experiment, i.e., at 1
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, around one-third of the 
Brillouin zone (BZ) edge. This procedure had also been adopted in a previous report to explain the CDW 
in the DBs [2].  
 
FIG. 1. Atomic and electronic structures of DBs in MoSe2. (a) STM image (15 × 7.5 nm2, sample bias: 
0.4V) showing the DBs in MBE-grown MoSe2 ML. (b) Stick-and-ball model of a DB in MoSe2, where 
purple and green balls represent Mo and Se atoms respectively. (c) DFT calculated band structure, where 
states of the DB are highlighted in red. Black and light-blue lines are states from the bulk and edge of 
MoSe2 ML domains, respectively. 
 
In Fig. 2(a), we show a set of STS spectra taken on the DBs of different lengths, revealing indeed 
narrow gaps at E
F
. However, one notes that the size of the energy gap varies with the DB length L, 
and Fig. 2(b) summarizes the data that we have collected from a number of defects with lengths ranging 
from 3.1 nm to 40.7 nm as measured by STS at ~5 K. As seen, the data can be reasonably fit by the 
inverse function ~ 1E L
g
 (solid line), a result that may not be attributed to CDW where a constant, 
length-independent, gap would be otherwise expected [4]. To further examine the likelihood of CDW 
formation in the 4|4P DBs in MoSe2, we have performed DFT calculations testing the stability of 
artificially distorted structures with periodicity 3a, where every three unit cells is compressed by 5 pm, 
10 pm or 15 pm. It is found that after relaxation, the undistorted structure is returned, suggesting that 
such distorted lattices are not stable. Therefore, the Peierls distortion of the 4|4P DBs appears less 
favorable from the energy point of view, thus it may not be the cause of the energy gap opening at E
F
 
as seen in STS. On the other hand, such energy gaps may well be explained by a quantum confinement 
effect of the TLL, where the zero-mode gap coming mostly from the Coulomb-blockade is inversely 
proportional to L [4,20]. 
 The QWS in finite length DBs can be better visualized by the color plot of differential conductance 
d
d
I
V
 measured by STS as functions of energy and position along the DB. An example is shown in Fig. 
2(c), in which spatial undulation of the charge density as well as energy quantization are clearly discerned. 
The number of undulation period increases continuously with energy, from 4 (around -0.26eV) to 7 
(around +0.18eV), which appears consistent with the calculated defect band ‘1’ as marked in Fig. 1(c). 
At energy ~0.2 eV, a much-enhanced intensity is noted, which may correspond to the emergence of band 
‘2’. Above 0.2 eV, there are degenerate states due to overlapping bands ‘1’ and ‘2’, complicating the data. 
In Fig. 2(c), another acute feature is the wide energy gap between states adjacent to E
F
, much wider 
than the QWS gaps away from E
F
. This is precisely the charge-gap of the TLL as described above.  
 
 
FIG. 2. Quantum well states in finite length DBs. (a) STS spectra (
d
d
I
V
 on a logarithmic scale) of DBs 
with three different lengths as indicated. (b) The DOS gap sizes measured by STS of varying DB lengths. 
The red line represents a lest square fitting by ~ 1E L
g
. (c) Spatially-resolved STS spectra taken in 
the middle region of a DB of total length ~7 nm. 
 
The TLL state in the DBs is further evidenced by the observation of power-law DOS suppression 
at E
F
 for defects longer than 30 nm, where quantum effect becomes less significant. Indeed, for such 
long DBs, we could hardly observe the charge-gap E
g
. Instead, the measured spectra exhibit power-
law suppression of the DOS close to Fermi level, characteristic of the TLL [19,35-38]. As an example, 
Fig. 3(a) presents a spectrum taken over a DB segment of over 30 nm long (inset), and Fig. 3(b) presents 
a close-up spectrum near the Fermi energy. As seen, instead of a gap, a power-law suppression of the 
DOS, ( )N E  , may be observed, and a fit by ( ) ~N E E

  results in an exponent 
0.47 0.05 =   . The latter relates to the Luttinger parameter K
c
  according to 
( )1 2 / 4c cK K −= + − [20,37,39], which characterizes the strength of electron-electron interaction 
in the system. From the above, we may derive a value of 0.28K
c
 , which is not too far from that 
reported in Ref. [4] for the same defect. Fig. 3(c) shows the spatially-resolved STS spectra taken from 
the middle part of the long DB, visualizing the effective DOS suppression near the Fermi level but 
reminiscent of the quantum confinement effect. The latter would make the estimate of the parameter 
K
c
 shown above less reliable. 
 
 
FIG. 3 DOS power-law suppression in long DBs. (a) STS spectra obtained from a DB of total length ~30 
nm long shown in the inset (image size: 30 × 21 nm2, sample bias: -1.0V). (b) A close-up view of (a) 
over a narrow energy range. The red line represents a fit of the data by the power-law with an exponent 
0.47 0.05 =  . (c) Spatially-resolved STS along part of the long DB.  
 
A more direct evidence of TLL may come from spin-charge separation, which could be observable 
in the STS experiments as demonstrated by Jolie et al. [4] Unfortunately our data do not unambiguously 
show such a feature. On the other hand, we observe another feature that may lend support to the TLL, 
i.e., increasing suppression of the DOS as one moves closer to the DB edge. According to a theoretical 
study, the energy at which the DOS peaks shifts to higher values with decreasing r, the distance from the 
1D wire edge, such that r × E = constant [37,38]. Fig. 4(a) presents a spatially-resolved STS spectra 
taken near one end of a DB, on which a curve of r × E = 0.49 nm∙eV is overlaid. Fig. 4(b) plots the same 
data in a different format, where each line represents a spectrum taken at a location a distance from one 
of the DB end as indicated. As is clear, the closer it is to the end of the defect, the higher the energy at 
which the DOS is the highest.  
  
 FIG. 4. DOS peak energy as a function of tip position of measurement. (a) Spatially-resolved STS taken 
near one end (defined as the origin) of a DB, and the red line represents a fit by E~constant/r. (b) The 
d dI V  spectra taken at different locations on the DB as indicated, showing the peak energy shift with 
STM tip position. 
 
In summary, using LT-STM/S, we reveal both the quantum well states and signatures of Tomonago-
Luttinger liquid in the 4|4P-type twin domain boundary defect in MoSe2 ML. In particular, we observe 
the length dependent energy gaps for short DBs but power-law DOS suppression at the Fermi level. In 
addition, enhancement of DOS suppression as one moves closer to the defect end is observed, and a 
strong electron interaction in the system is hinted. It shows that the DB defect in MoSe2 ML could be an 
ideal isolated 1D system for studying low-dimensional and correlated physics.  
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